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I. 


INTRODUCTION 


A. BACKGROUND 

Development of an economical space transportation system neces- 
sitates that the propulsion system be completely reusable, have ’nng life, be 
high-performing, and use low-cost propellants. Recent vehicle studies Indi- 
cate that the most desirable propellants are LOX/hydrogen and LOX/high-density 
fuel, generally hydrocarbons. Engines for the Slngle-Stage-To-Orblt (SSTO), 
Liquid Rocket Booster (LRB), and Orbit Transfer Vehicle (OTV) will have to 
operate at higher chamber pressures than previous engines to meet the packag- 
ing and performance requirements for these vehicles. Although basic com- 
bustion and heat transfer data presently exist for LOX/hydrogen over wide 
ranges of operating conditions, there is very little fundamental combustion 
and heat transfer data for the LOX/hydrocarbon propellant combinations. The 
technology base established by previous LOX/ hydrocarbon engines, l.e., H-I, 
F-I and Titan I, was at performance and pressure levels below those required 
by the new engines. In addition the combustion stability margin required In 
the new applications is considerably greater than that of the previous 
LOX/hydrocarbon engines. 

B. PROGRAM SCOPE 

The High-Density Fuel Combustion and Cooling Investigation, Con- 
tract NAS 3-21030, was initiated in October 1977. The purpose of the program 
was to provide the analysis, design, fabrication, and testing of several en- 
gine configurations in order to investigate the ignition, combustion, stabil- 
ity, and thermal characteristics of L0X/RP-1 propellants. The different en- 
gine configurations tested include the following: 1) 8274 and 13790 kPa (1200 

and 2000 psl a) chamber pressure injectors with like-doublet and pre-atomized 
triplet elements; 2) cooled and uncooled acoustic resonators; and 3) uncooled 
graphite chambers and water-cooled chambers ranging in length from 27.9 to 
37.5 cm (11 to 15 in.). Two of the four water-cooled chambers had axial cool- 
ant slots. The other two water-cooled chambers had circumferential coolant 
slots and are referred to as calorimeter chambers. A high-pressure LOX/RP-1 
igniter was also designed and developed to provide ignition. Combustion and 
heat transfer data were obtained over a chamber pressure range of €895 to 
13790 kPa (1000 to 2000 psia) and a mixture ratio range of 2:4. 


II. SUMMARY 


The objective of this contract was to determine the combustion and heat 
transfer characteristics of LOX/RP-1 propellants In the 1000 and 2000 psia 
chamber pressure range. This was accomplished through the design, fabrica- 
tion, and testing of injectors of two different patterns. Testing was con- 
ducted with both uncooled chambers and cooled calorimeter chambers over a 
range of pressures and mixture ratios. The nominal design requirements and 
test conditions are given in Table I. 

A L0X/RP-1 torch spark igniter was designed and demonstrated as part of 
this program. Prior to ■‘ts use in the injector testing, the igniter was 
evaluated for reliability and operating characteristics in igniter-only tes- 
ting. A total of 69 such tests were conducted, with ignition being achieved 
in 55 of the tests. The non-ignitions occurred early in the test program and 
were the result of electrical problems. After these problems were resolved, 
the igniter test program concluded with 36 consecutive successful ignitions. 

The thrust chamber testing was conducted in 2 parts: an injector test 

series and a calorimeter chamber test series. Four injectors were fabricated 
for the injector test series. These consisted of two different patterns (a 
pre-atomized triplet [PAT] and a transverse like-on-like [TL0L] for each of 
two chamber pressure points (8274 kPa and 13790 kPa; 1200 psia and 2000 psia). 
The initial test series which addressed hardware checkout, combustion 
stability, and performance, progressed from short-duration firings with 
uncooled hardware and adjustable tune acoustic resonators to long-duration 
firings with the 2 NASA-supplied water-cooled chambers. Test durations up to 
30 sec with multiple mixture ratio points were included in this series. Other 
test variables included chamber pressures ranging from 7170.5 to 13514 kPa 
(1040 to 1960 psia), fuel temperatures of 283° to 394°K (50° to 250°F), and 
chamber lengths of 27.9 and 37.5 cm (11 and 15 in.). 

The injector performance test series was followed by calorimetric tes- 
ting. The calorimeter test series consisted of 2 long-duration calorimetric 
chamber tests at 13790 kPa (2000 psia) with heated fuel and the PAT injector. 
These tests were multiple operating point tests and provided steady-state data 
over a mixture ratio range of 1.9 to 2.8. Heat flux data were obtained at 34 
axial locations on these tests. 

The measured injector performance ranged from 95 to 97.5% ERE (energy 
release efficiency) depending on the injector pattern and operating condi- 
tions. Analysis of the performance data indicated the primary loss mechan- 
ism to be low mixing efficiency. The PAT pattern was stable under all oper- 
ating conditions. However, there were several instances of spontaneous 1-T 
instability encountered with the TL0L pattern. The overall chamber heat loads 
produced by the PAT and TL0L patterns were nearly identical and showed a 
strong linear dependence on mixture ratio. The difference in total heat load 
between the 27.9 cm (11 in.) and 37.5 cm (15 in.) chamber configurations was 
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TABLE l^OESI^RElUim^^ 


Oxl dizer: 

Fuel : 

Vacuum thrust, N (r a 400:1) 
Nozzle throat diameter', cm: 

Thrust climber diameter, cm: 

Nozzle area ratio (c = 400:1 , 
90% bell truncated to). 

Chamber pressure, kPa: 

Mixture ratio (0/F): 

Safety factor: 

Overall Energy Release 
Efficiency: 

Range of Test Conditions: 

° Chamber pressure: 

° Mixture ratio (0/F). 

0 Thrust chamber wall 
temperature C K: 

° Fuel Temperature, °K: 


Liquid Oxygen (MIL-P-25508A) 

RP-1 (MIL-P-25576) 

88,964 (20,000 lbs) 

6.25 (2.46 in.) (Uncooled & 
calorimeter chambers) 

6.60 (2.60 in.) (NASA water 
cooled chambers) 

12.19 (4.80 in.) 

8 

13790 (2000 psia) 

2.8 

1.5 times maximum operating 
pressure 

>98% 

8274 to 13790 kPa (1200 to 
2000 psia) 

2.2 to 3.2 

700-811 (800 - 1000°F) 
283-394 (50-250°F) 


II, Summary (cont.) 


substantially greater than anticipated. The bare wall calorimeter chamber 
data showed that local heat fluxes were below those predicted near the 
Injector and 70% greater than those predicted In the throat. Although the 
calorimeter chamber was blackened by the testing, the heat transft data, 
combined with the very light to nonexistent sooting near the Injector, gave 
indication of the existence of a soot thermal barrier. 


III. FINDINGS AND RECOMMENDATIONS 


A. FINDINGS 

1. Combust ion Stability 

The 13790 kPa (2000 psia) pre-atomized triplet (PAT-2000) was 
tested extensively, proving stable under all operating conditions. The 8274 
kPa (1200 psia) and 13790 kPa (2000 psia) transverse llke-on-llke Injectors 
(TL0L-1200 and TL0l-2000) exhibited spontaneous 1-T (first tangential) Insta- 
bilities. The TL0L-12Q0 injector was stabilized by retuning the uncooled 
resonator but was spontaneously unstable in 1-T when tested with a cooled 
resonator which had a slightly different configuration than the uncooled 
resonator. The TLOL-2000 Injector exhibited consistent spontaneous 1-T Insta- 
bilities which eventually destroyed the unit. No bomb testing to evaluate 
stability margin was undertaken during the program. The PAT-1200 injector was 
not tested* 


All injectors tested were stable In the chug mode as had been 
predicted. The sensitivity of the PAT-2000 injector to 1-L instability which 
had been forecast during the design phase was not observed in the test data. 

2. Performance 


A performance goal of 98% energy release efficiency (ERE) was 
established for this program. The PAT injector achieved approximately 97% ERE 
arid the TLQL injector approximately 97.5% ERE with hot fuel (in excess of 
367°K [2G0°F]) and a chamber length (L‘) of 37.5 cm (15 in.). With ambient 
fuel or a short chamber, the performance was reduced by 1 to 2%. 

The hot fuel (representative of regenerative operating con- 
ditions) improved the vaporization and consequently the combustion efficiency. 
c vrther improvements in performance .'ill require improved intra-element mix- 
ing. 


Other conclusions relative to performance are as follows: 

a. The mixing efficiency (E m ) is not significantly 
Improved with either increased chamber length or heated fuel for either 
Injector pattern. 


b. The mixing efficiency of the TL0L-1200 is approximately 
82% compared with the 73% mixing efficiency of the PAT-2000; the corresponding 
mixing performance losses are 2% and 3% respectively. 

c. The TL0L-1200 and PAT-2000 fuel droplet vaporization 
rates appeared to be lower than initially predicted at the forward end of the 
combustor. This resulted in both lower performance and longer sensitive time 
lags than initially predicted by analytical combustion models. 
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Ill, A, Findings (cont.) 


ri The PAT Injector has a more uniform fuel drop size dls- 

frequency combustion 9* In than demonstrated by the ,L0L. 

Ignition 

Ignition of the main engine propellants by the L0X/ R P-1 

« S spa* ax- 

tlnguishment by LOX/high pressure, and plugged orifices. 

4. Chamber Heat Flux 

I lot- fire testing of the water-cooled NASA chambers and the 
water-cooled calorimetric chamber have shown the following: 

a The heat transfer data obtained on this program exhibit 
very little scatter, have a high degree of internal consistency, and are 
repeatable. 

b. Chamber heat flux is a strong linear function of mixture 
ratio, with low mixture ratios giving low fluxes. 

c The difference in total heat load between the J.9 cm 
(11 in.) and 37.5 cm (15 In.) L* chambers was significantly greater .han M 

been predicted. 

d. The measured heat fluxes < 1 . the r • lures 

chamber were substantial ly lower than pre ' c * "explanations have 

ZZ Identified^ f or'thiTdi f ference^between boat flux predic- 

tions and the experimental results. 

e. The thermal data gave no evidence of carbon deposition 
creating a therral barrier on the chamber wall. 

5. Leakage 

Early in the test program, leakage was a amjor problem area.^ 
A number of changes were made during the course othC;P g rcp)ac , ng the 
problem area. The two most effective chag Teflon seals and (2) using 

ua.'Kxns « -ss- ««■ 
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Ill, Findings and Recommendations (cont.) 


B. RECOMMENDATIONS 

1. Combustion Stability 

The inherent stability of the PAT-2000 injector was demon- 
strated on this program. A logical next step would be to assess its dynamic 
stability with bomb testing. The TLOL pattern was found to be in a marginal 
condition and was intermittently stable. A more extensive stability assess- 
ment of the TLOL pattern with additional changes in cavity tuning would estab- 
lish whether the pattern could be stabilized. It would also provide data for 
improving the accuracy of the analytical stability model. 

2. Performance 


The primary performance loss mechanism for both the PAT and 
TLOL patterns was found to be poor mixing. The next logical activity in 
developing a high-pressure LOX/RP-1 technology base would be to establish the 
design features required in an injector to achieve good mixing under these 
operating conditions without sacrificing combustion stability or compatibil- 
ity. Single element ccld-flow and single element hot-fire tests would be 
recommended as the basic experimental tool for this activity. This is an 
important first step in developing a high mixing efficiency pattern. If the 
intra-element mixing is optimized, injector mixing performance will be high 
regardless of inter-element pattern interactions. This experimental work 
should be run in parallel with an analytical activity directed at the devel- 
opment of a mixing model using the data from this effort and previous experi- 
mental programs. 


Historically the stoichiometric flame temperature has been 
used as the driving temperature in droplet vaporization rate analyses. Some 
of the performance, stability, and injector end heat transfer data from this 
program are explainable using a reduced driving temperature near the injector. 
The validity of using a reduced driving temperature should be further assessed 
both analytically and experimentally. 

Specific recommendations are as follows: 

a. Test the PAT-1200 injector to determine whether signifi- 
cant performance differences occur over the range of 8274 - 13790 kPa (1200 - 
2000 psia). This will help establish whether the measured performance differ- 
ences between the TLOL-1200 and PAT-2000 injectors reported herein are due to 
pattern differences or to differences in Pc level. The combustion instabili- 
ties encountered with the TLQL-2QQQ injector eliminate the TLOL patterns from 
a chamber pressure effect study. 
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iii, B, Recommendations (cont.) 


b. In order to achieve high Injector performance effi- 
ciency, optimize the cold-flow Intra-element mixing efficiency (E m ) of e 
PAT Injection element. 


c. To further maximize Injector performance, 

spray overlap to enhance the Inter-element mixing efficiency of the PAT Injec- 
tor pattern element Interaction. 

d. Conduct additional uni -element PAT hot-fire tests In the 
photographic chamber with the above hydraulically optimized ®]® m ®J* c “ 
brate 9 the extent to which combustion effects degrade 1 i mixing efficiency 

achieved in cold flow. 


e. Via uni-element cold flow, develop Injection elements 
which produce the most uniform droplet size distributions possible. 

f. Develop a tractable mixing model using data from the 
literature as well as data being generated In the above activities. 


3. Ignition 

The primary sources of problems In the LOX/RP-1 spark- h d 

activated torch igniter were the power supply e Sks ws^the Ipark pluj aid 
u , r(1 come uroblems were also encountered with leaks past tne spam pi us aiw 

broken . th««h the spark pi.,, ployed on t | program tad 

been designed for high-pressure service, they were used because tne y s 
delivery times for high-pressure plugs are inconsistent with the 

S and would have created a time delay problem. An integral high- 
pressure spark plug and exciter with closely coupled reproducible response 
valves would likely yield the desired igniter reliability. 

4. Chamber Heat Flux 

Data obtained on this program have uncovered several areas In 
which additional heat, transfer work is recommended. Both the higher than 
anticipated throat heat fluxes and lack of significant sooting a ®®® n ^J a '® 
difficult cooling problem and must be better understood. The goals of the 
I'ni'iiiinii'ndpii work would be, 1) to determine whether the current results are 
valid only for the hardware designs employed on this program or ar ® 
aoneraHy applicable and, 2) to establish the design and operating factors 
which influence ^the heat’flux and sooting. With these broad goals the 
following specific recommendations are made. 


injector 


a. Repeat the calorimeter chamber tests with different 
patterns’ to establish the dependence of sooting, axial heat flux 
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Ill, B, Recommendations (cont.) 


profiles, ond throat heat flux on injector pattern. At least one of the 
patterns tested should he designed to avoid any possibility of unburned pro- 
pellants Impinging on the converging wall, burning, and giving rise to high 
throat heat fluxes. 

b. The heat flux data obtained on this program Imply sub- 
stantial heat flux reductions are achievable with film cooling. A new injec- 
tor with a separately controlled fuel film cooling ring should be tested with 
the calorimeter chamber and data obtained with various amounts of film 
cooling. This experimental work should be coupled with a parallel analytic 
effort which correlates the data with existing film cooling models. The 
effects of wall zone chemistry on soot deposition could also be assessed as 
part of this effort. 


c. A new calorimeter chamber with a much steeper converging 
angle should be fabricated and tested to establish whether the throat heat 
flux can be reduced by stabilizing the boundary layer with higher accelera- 
tion. 


d. A systematic study should be undertaken of the factors 
influencing soot deposition. Data should be obtained under controlled con- 
ditions of wall mixture ratio, mass flux, wall material, and wall temperature. 
An analytical model of the soot deposition process should be hypothesized and 
developed in conjunction with the experimental program. 

5. leakage 

High-pressure assemblies reguire interlace flanges with 
adequate stiffness to minimize unloading of the seals when the assembly is 
pressurized. Sealing is also improved by the use of large cross-section seals 
which tolerate greater flange distortion than smaller cross-section seals. 
Sealing surfaces should be recessed or protected with a lip to minimize damage 
during handling. 


IV. TECHNICAL DISCUSSION 

This section of the report Is organized Into three major subsections; 
(1) HHMtalS and Fabrication; (2) Hot-Fire Testing; and (3) Test 
Results and Supporting Analysis. 


A. 


HARDWARE DESIGN AND FABRICATION 


The hardware TX]V° 

meet the requirements of Table l. a Driei u. 
components follows. 

1. In.iector 

The basic design and fabrication of the four injectors fabri- 
cated on this program di f f ered only in the 0 ^ J^ponent sV' r i nj ector’ body , 
injector assemblies consisted * h £** Sign used for these injectors 

injector face, and resonator. The p ss f U n y by Aerojet on a number of 

is of the same basic type as that used sue concentric ring manifold, a 

previous programs. T J® and a separate detachable acoustic reson- 

face made of photoetched platelets, ana a versatile in terms of 

ator. This configuration was selected because 1) u is ^ manifold 
accepting different patterns and pattern replace e t. O both cooled 

hydraulics have been well character ized, and 3) itja.i '™ d obvious cost ben e- 

?1ts U in°both dSlSS SSd’fabrlcaJlSn? Descriptions of the Individual subcom- 
ponents follow. 

a. Injector Body 

The injector body, shown in Figures 1 and 2 * contains 
the propellant manifold p ass ages, a central j^^^for instrumentation. 

sssrs •s.’K. - - 

stainless steel and are joined by welding. 

b. Injector Face 

As noted previously, two types of injector elements were 
used on this program Ihe pre- to^ed 

TL0'.-2000. The 8274 kPa (1200 psla) and l^kPaJ I*"™ psia) ^ 
eacn type were identical ®^ e ^4erences d in flowrate and pressure drop. The 
JSSffi,' ‘infecJTfa^s^rf Mde'fro. a stack of nickel platelets which had 
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IV, A, Hardware Design and Fabrication (cont.) 


the pattern photoetched Into them. A typical platelet stack Is shown In 
Figure 3. Following photoetching, the individual platelets were diffusion- 
bonded to form a monolithic faceplate. At this point, the bonded platelet 
stacks were flow-checked to ascertain that they had the desired hydraulic 
characteristics. After the flow checks, the platelet stacks were joined to 
the manifolds by diffusion-bonding, followed by a redundant E-B weld. None of 
the Injectors had any provision for film cooling or contained a special low 
mixture ratio row of elements around Its outer periphery. 

(1) Transverse Like-On-Like Pattern (TLOL) 

Previous experience with LOX/RP-1 propellants and 
recent analyses indicated that a TLOL element (like impinging doublets) Is the 
best choice In terms of combustion stability and is acceptable from Ine 
standpoint of performance. The pattern layout is shown on Figure 4, and the 
element cross section is shown on Figure 5. The name "Transverse" has been 
applied to this like- on-like element because the flow passages which supply 
the injection orifices arc parallel to the injector face, i.e., transverse to 
the chamber flow direction. Both fuel and oxidizer fans are oriented 
radially. Pairs of unlike fans are oriented edge-on (planar). The TLOL 
pattern consists of 132 elements arranged on a 7-ring manifold. The space at 
the center portion of the injector is for the igniter. 

(2) Pre-Atomized Triplet Pattern (PAT) 

The design philosophy adopted for the second 
injector pattern was that it should have a higher performance potential than 
the TLOL pattern even though this might result in a higher risk from the 
standpoint of combustion stability. 

Past experience had indicated that higher perform- 
ance could be anticipated with unlike impinging elements because of their high 
mixing efficiencies. Three specific types of unlike impinging elements were 
considered for the second pattern: conventional F-O-F triplets, splash plate 

unlike doublets, and a pre-atomized triplet (PAT) which incorporates two fuel 
splash plate elements and one oxidizer X-doublet element. Of these three, the 
PAT element was selected because it was considered to have the highest proba- 
bility of achieving the high performance level of EDM-drilled triplets while 
circumventing some of the stability disadvantages. The PAT consists of two 
fuel splash plate orifices which impinge on one centrally located oxidizer 
X-doublet orifice. The splash plate and X-doublet orifices as well as typical 
element cross sections are shown in Figure 6. The PAT pattern layout is shown 
on Figure 7. The splash plate elements form fans of fuel droplets at acute 
angles to the injector axis (30-4b°). The X-doublet elements form axially 
directed fans of oxidizer droplets. The PAT pattern contained 120 elements. 
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Figure 4. Transverse Like-on-Like Injector Pattern Layout 




Schematic of Transverse Like-on- Like Injector Element (TLOL) 










13J90 kPa (2000 psia) 



Atomized Triplet Injector Pattern Layout 
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IV, A, Hardware Design and Fabrication (cont.) 


c. Resonator 

The resonator surrounds the forward portlpn of the 
Injector body and forms the acoustic cavities. Two resonator designs were 
prepared: an uncooled copper heat sink and a water-cooled design. Details of 

the resonator are shown In Figure 8, while the calorimetric thrust chamber 
assembly which Illustrates the installation of the resonator Is given In 
Figure 9. 

The uncooled unit was used for Injector checkout testing 
and contained 12 acoustic cavities with the following dimensional characteris- 
tics: 


Width - 1.016 cm (0.4 In.) 

Depth - 2.54 cm (1.0 in.) 

Partition Thickness - C.318 cm (0.125 in.) 

For "tuning" purposes, the depths of these cavities were varied by using block 
inserts. Shallow cavities (0 to 0.51 cm [0 to 0.2 in.]) were used to provide 
2-T stability, and deep cavities (1.78 to 2.03 cm [.7 in. to .8 in.]) were 
used to provide 1-T stability. 

The uncooled resonator was instrumented with four high- 
frequency transducers, four chamber gas-side thermocouples, four resonator 
gas-side thermocouples, and two resonator gas temperature probes. 

2. Igniter Design 

The L0X/RP-1 igniter is shown in Figure 10. The igniter 
consists of an oxygen-cooled spark electrode, an injector for atomizing and 
vaporizing the L0X and RP-1, and an RP-l-cooled combustion chamber. During 
testing, the igniter was provided with separate propellant valves to permit 
its being operated independently of the main propellant valves. 

Ignition takes place through the following sequence: (1) a 

flame kernel is produced within the spark gap by the spark discharge; (2) the 
flame kernel spreads and ignites the oxidizer-rich core flow within the 
igniter chamber; (3) the igniter core flow mixes and reacts with the RP-1 
coolant flow to produce a fuel-rich torch exhaust; and (4) the fuel-rich torch 
flow reacts with the main injector oxidizer lead flow to ignite the engine. 

The igniter operates with a high mixture ratio core (0/F * 

10) injected about the central spark plug. The fuel-cooled chamber provides 
the necessary combustion length such that complete combustion can be obtained. 
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Figure 9. Calorimetric Thrust Chamber Assembly 
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IV, A, Hardware Design and Fabrication (cent.) 


Upstream of the Igniter throat, the fuel used to cool the chamber is Injected 
Into the high mixture ratio core, thereby film-cooling the throat and reacting 
with the core flow to provide a torch mixture ratio of 2.6b at the center of 
the Injector face. Provisions were made In the design to vary the Injector 
core mixture ratios by using a fuel orifice ring to split the fuel between the 
Injector and chamber. Four Igniters were fabricated. 

3 . Thrust Chamber Design 

Three different chamber types were used In this program. An 
uncooled chamber with a graphite throat was employed for Injector checkout and 
Initial stability testing. The performance tests were conducted by using 
NASA-supplied water-cooled chambers, while the heat transfer tests were run 
with the water-cooled calorimeter chambers built under this contract. The 
calorimeter chambers were not used for the performance testing as the high 
divergence angle on the nozzle exit made data Interpretation difficult. 

a. Uncooled Workhorse Chamber 

The uncooled chamber was used to perform the initial 
checkout testing on each Injector. The chamber, consisting of a steel 
cylindrical section with a graphite liner, was designed to withstand firing 
durations of less than 2 seconds. 

The chamber was fabricated In two sect ions to penult 
variations in chamber length. This hardware is shown in figure It. 

b* NASA Water-Cooled Chamber 

existing NASA water-cooled chambers were utilized tor 
perf entrance testing of the Injectors, lhese axially slotted chambers con* 
ststed of a copper liner with an FTN i jacket and were available in 2 lengths: 
27.*' cm (It in.) and 37. b cm (lb in.), respectively, t ach chamber contained 
100 cooling slots which were 0.1 b2 cm (.ObO in.) wide at the injector and 
0.102 cm (.040 in.) wide at the throat. The channel wall thickness was con- 
stant at 0.889 cm (.03b in.). The throat diameter was b.bO cm (2.60 in.). 

The chambers, shown in figure 12, were originally designed for tOX cooling; 
however, it was detOMnined that the chambers could be water-cooled tor this 
program. 


c. Calorimetric lhrust Chamber 

The design and fabrication of the calorimetric chambers 
was a major effort during the contract. I ach of the two chambers consisted of 
an 0HU' copper liner with machined circumferential channels (see figure 13). 
Seventy channels were externally fitted with 34 inlets and outlets to measure 
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A, Hardware Design and fabrication (cent.) 
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IV, B, Test Facility (cont.) 


test data were Input to an ana1og-to~dig1ta1 converter which. In turn, 
supplied dat/i to the remote digital computer at a rate of 10,000 samples per 
second. The data were processed immediately and fed back to the control room 
printer where they were displayed as the test was being conducted. 

No significant problems were encountered with the test stand In 
the course of conducting the test program. The hardware was flushed following 
each firing to remove residual hydrocarbons. However, no attempt was made to 
remove sort from the chamber walls; consequently, any soot deposition process 
was cumulative. 

C« HOT-FIRE TESTING 

The hot-fire test program was conducted in three phases: 

(1) igniter-only testing; (2) Injector checkout and performance tests; and 
(3) calorimetric chamber tests. 

1 . Igniter-Only Testing 

In January 1979, a series of Igniter-only tests were per- 
formed. The objective of the igniter test program was to verify that the 
spark-activated torch igniter design had the reliability necessary to allow 
Its use in full Injector testing. In addition, this test program was to 
provide the critical operating parameters necessary to achieve satisfactory 
and reliable ignition. Sixty-nine igniter tests were conducted. 

Figure 18 shows the igniter test assembly used to perform the 
ignit.r-only testing. A summary of the 69 tests conducted is contained in 
Table II. As a result of these tests, certain conclusions as to acceptable 
igniter operating conditions were reached. These conclusions are listed in 
Table III, along with the technical issues that were addressed by the various 
tests. 


Early in the test program, it was thought that the non- 
ignitions might have been the result of fuel freezing in the igniter body due 
to pre-chilling of the igniter by the helium purge in the oxygen circuit. To 
eliminate this possibility, a heater was added to the helium purge. This not 
only kept the igniter body warm but also softened the oxygen flow transient by 
vaporizing the first oxygen through the injector. Later in the program, after 
the electrical and sequencing problems had been resolved, it was found that 
fuel freezing was not a problem and that reliable ignition could be achieved 
without the helium heater. The gaseous oxygen starts wnich resulted from the 
use of the heater were found to be smoother (i.e. , exhibiting fewer and less 
severe pressure spikes) than the starts with liquid oxygen. A heater was not 
used in the engine test program. 



Figure 18. LOX/RP-1 Igniter Test Assembly 


TABLE II. - IGNITER TEST SUMMARY 



ACCOMPLISHMENTS 

PLANNED 

Total Number of Tests 

69 

65 

Tntal Number of Ignitions 

54 

(36 Consecutive) 

- - 

Duartion (sec) 

0.18 ► 1.02 

0.25 ► 1.0 

Overall Mixture Ratio (0/F) 

1.2 > 5.1 

2.0 > 5.0 

Core Mixture Ratio (0/F) 

5.3 ► 23.7 

7.5 > 25.0 

Spark Rate (Sparks/ sec) 

150 * 500 

TBD •+ 500 

Spark Energy (Inj) 

10 > 50 

TBD -> 50 

Sequencing (Ox Lead, msec) 

- 50 - +90 

0 -> TBD 

No. of Tests W/Q Flush* 

45 

None 

No. of Igniters Tested 

i 

3 

LOX Inlet Pressure (kPa) 

8136 -► 10135 
(1180 -► 1470 psia) 

*■ 

LOX Inlet Temperature (°K) 

114 * 159 
(205 ^ 287°R) 

- 

RP-1 Inlet. Pressure (kPa) 

3054 -- 6329 
(443 -♦ 918 psia) 

- 

RP-1 Inlet Temperature (°K) 

276 284 

(496 -> 51 1 °R) 

m 

Igniter Chamber Pressure (kPa) 

2344 -> 2827 
(340 -*■ 410 psia) 

3447 

(500 psia) 


’"When igniter testing began the igniter oxidizer circuit was flushed with Freon 
113 prior to each firing to remove any residual hydrocarbons from the preceding 
test. This procedure was discontinued after Test No. 22 and replaced with a 
single flush at the beginning of each test day. There was no observed difference 
between tests with a flush and tests without a flush. 


TABLE HI. - IGNITER TEST RESULTS 


TECHNICAL ISSUE 

PERTINENT TESTS 

CONCLUSION 

Shutdown Sequer ;e 

101-103 

Post Shutdown Pc spike eliminated 
with ligh pressure purges 

Erratic Spark 

103-146 

Crackl in the spark plug ceramic 


vi uwi' j i it vi iv |^ui n p i u y v* v I 

produced short circuits. 
Problem was alleviated by 
reducing the spark plug gap. 


Torch Temperature 

107 

Not measured but melted 
steel in 0.7 sec. 

Start Sequence 

113-125 

Fuel lead worked best. Fuel 
lead provides a low cold flow 
pressure which reduces the 
spark sequence. Fuel lead 
also gives transient 0/F sweep 
(better ignitability) and less 
thermal shock of the ceramic. 

Igniter cooling 

139-145 

Barrel - 1.0 sec. demonstrated. 
Throat - Analysis only 

RP-1 Freezing 

102-147 

No evidence of freezing 

LOX Flow Transient 

103-154 

LNg Jacket required on LOX 
line for fast controlled start, 
warm injector - OK 

Prefire LOX Circuit Flush 

101-169 

Not required after first 
firing of day 

Igniter 0/F 

All 

Insensitive over 1. 2-5.1 range 

Spark Energy 

161-167 

Insensitive over 10-50 MJ range 

Spark Rate 

161-167 

Insensitive over 150-500 MJ range 

Ignition Reliability 

134-169 

Excellent with reliable spark 
and fuel lead 
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IV, C, Hot-Fire Testing (6o*t.) 


2. Injector Checkout and Performance Tests 

The Injector checkout and performance test series was 
designed to fulfill several objectives. It was to provide test facility flow 
and sequencing procedures and Instrumentation checkout for subsequent testing. 
The program also was to be used to characterize the operation of the Injectors 
In terms of performance and combustion stability and allow for tuning of the 
acoustic cavities In the case of a combustion stability problem. The results 
of this test series were to form the basis for the selection of the injector, 
resonator, and chamber configuration for use In the calorimeter testing. 

The test hardware available for use In this test series con- 
sisted of the following: 

Injectors PAT-1200, PAT-2000 

T10L-1200, TL0L-2000 

Chambers 36 cm (14 In.) Heat Sink 

27.9 cm (11 In.) Water-Cooled 
37.5 cm (15 In.) Water-Cooled 

Acoustic Cavities Variable Tune Heat Sink (2) 

Fixed Tune Water-Cooled (2) 

Testing was Initially delayed by leaks In the test assembly 
at the interface between the Injector and propellant lines and that between 
the chamber and acoustic resonator. These leaks were eliminated by replacing 
glass-filled Teflon seals with more compliant virgin Teflon seals and by modi- 
fying the hardware to limit flange distortion. The test program than pro- 
ceeded with an evaluation of three of the four Injectors. (The PAT-1200 was 
not tested due to funding limitations.) Testing was Initiated with brief 
tests of less than 2 seconds duration with uncooled hardware and ambient temp- 
erature fuel and then concluded with multiple data point tests of up to 30 
seconds duration with cooled hardware and fuel conditioned up to 394°K 
(250°F). A summary of the significant long-duration performance tests Is 
given In Table IV. Detailed listings of the significant performance and 
stability tests are given in Tables V and VI. 

At the conclusion of the checkout and performance testing the 
PAT-2000 Injector was selected for use In the calorimeter chamber testing. A 
major factor In the decision was the very stable combustion of this pattern. 

3. Calorimeter Chamber Testing 

The calorimeter chamber testing was conducted with the 
PAT-2000 Injector, the 34 cm (13.4 In.) length (Injector face to throat) 
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TABLE IV, - SIGNIFICANT PERFORMANCE TESTS 


INJECTOR TEST NO.. 

PAT-2000 056 

070 

071 

, . 072 

TL0L-1200 073 

1 074 
075 


L' 

PUR tSEJC) (CM) (IN) 


9 

27.9 

(ID 

16 

37.5 

(15) 

19 

37.5 

(15) 

19 

27.9 

(ID 

16 

27.9 

(ID 

30 

37.5 

(15) 

16 

27.9 

(ID 


T f 0/F 

(°K) (°F) RANGE 

283 (49) 2. 3-3.0 
293 (68) 2. 2-3.4 
394 (250) 2.4-4. 1 
389 (240) 2. 0-3.2 

378 (220) 2. 5-3.0 

311 (100) 2.2-2. 8 

297 (75) 2. 7-2.9 


REMARKS 


HI Pc-Shutdown 


Combustion Instability 
0 16-sec 

Combustion Instability 
@ 16-sec 
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TABLE VI* - STABILITY TEST DATA SUMMARY 




IV, C, Hot Fire Testing (cont.) 


water-cooled calorimeter chamber add 37^ P^t 2000 

series consisted of two multiple data P te , durations and conditions 
psla) chamber pressure condition. A list ot tne tesi u 
for the calorimeter tests Is given in Table VII. 

Both tests were run with hot 367°K (200°F) fuel to 1) maxi- 
mlze performance and 2) b ecause It was more ° cm (13^4 In.) 

chamber 3 1nstead C of 1 the^^^cm (UlS) calorineter chamber was also to maxi- 
mlze performance. 

The calorimeter chamber test Installation is shown In Figure 

19. The large number of flexible ^j^'P^ssurecooan difficult during the 
chamber were thought to make ac curat ' ’“““^"to be the case as both 

calorimeter testing. The test data indKateatnis not However. 

the stand bias and data ^^HuHno^the calorimeter chamber testing were not 
the performance data “^'^/“j'^^jfe^^onnance test series due to 

the' greater 2.K W»h. high divergence angle 

(40° 9 half angle) of the truncated calorimeter nozzle exit. 

0. INJECTOR PERFORMANCE 

As noted previously, the performance assessment of thelnjectors 

MS thecal orimeter* 1 test' series Sr/eTtTevitwed In depth. A detailed 
list of all the performance data points is given in Ta • 

l U re fof^O/F^ 2?8. Shey ng‘ pi ot^of^RrSeSllrrnm^e 

and were adjusted to an 0/F 2.8 y P tlOL- 1200 injector Is shown as 

ratio. Note that the heated fuel curve for the TLOL ^irgeao^ ^ 

a dashed line. A complete data matrix \ ector . The slope of the performance 

^re^btaln^^wHh'the^TLOL-^OOO S due to the consistent Instability of 
that unit. 

A comparison of the performance for the PAT-2000 and TL0L-1200 Is 
given in Figure 22. 
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TABLE VII. - CALORIMETER CHAMBER TEST SUMMARY 


Test 

Time 

Interval (Sec) 

Chamber Pressure 
(kPa) (psla) 

Mixture 

Ratio 

Fuel 

no 

Temperature 

Sl 

084 

2 + 8 

13686 

1985 

2.49 

349 

169 

084 

8.5 - 12 

13555 

1966 

1.90 

367 

200 

085 

2.5 -+ 5 

13714 

1989 

2.63 

357 

182 

085 

5 -> 10 

13672 

1983 

2.74 

371 

207 

085 

10 -+ 15 

13652 

1980 

2.78 

373 

212 

085 

15 -> 20 

13645 

1979 

2.80 

374 

214 
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Figure 19. Calorimeter Chamber Test Setup 
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Figure 20. PAT-2000 Injector Performance 
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IV, 0, Injector Performance (cont.) 


The experimental combustion efficiencies, while substantial ly 
higher thar. those of earlier production L0X/RP-1 Injectors su ch as th - 
(93 8%CM and Atlas booster (95.5%C*) were below the program 9° a J °* JJ®** 
data were evaluated and compared with analytical predict Ions to J dent Ifyth^ 
source of the performance losses* The results of thes y 
subsequent sections. 

1. Identification of Performance Losses 

It Is possible to separate observed performance losses Into 

those resulting from non-uniform mixing and incomplete fuel [ „ of 

performance data over a wide mixture ratio range ere available, ^ration of 
the. losses Is done by first pTStting the experimental ERE and C etficiency 

versus mixture ratio. Similar plots are then mad ® SSS' bv 1 vary? ng r ?he 

ERF and %C* where the predicted values have been obtained by vary 9 
ml >; 1 ng^ef f 1 cl ency and fuel vaporization efficiency as independent Pieters. 
(The oxidizer vaporization efficiency is heid constant at l 00 ** J h1s . 

reasonable assumption when working with L0 x / R P -1 *J eca !j!:*® e5jLrimentai r vapori- 
to be completely vaporized within 16 cm [6.3 in.]). The experimen P 
nation and mixinq efficiencies are then found by comparing the experimental 
anrf analytical ERE (and %C*) versus MR plots to determine which combination of 
f«i a v pfr 2 1on E a 0 mlSn efficiencies best matches the experljentel dot. 

In both magnitude and mixture ratio sensltlv ty. This has been done for a 

number of tests on this program, with typical i ™d P «RE asV function of* 
and 24. Figure 23 shows the variation in both %C* and XERE as a function ot 

test mixture ratio fcr Run 71 with the PAT-2000 injector. Based J n sl °P e 
and magnitudes of the C* and ERE efficiencies, it Is a PP a r e "* t t r^ 1 t f| 94 o K 
PAT-2000 Injector performance in the long chamber and with hot fuel L394 K 
(2S0®F)] 1 s^ bounded bv a combination of either 99% maximum fuel vaporization 

efficiency with 75% E n mixing efficiency or by a ^jJ“2io?n!l^tefs r1 
4 -ir.n w<th an F of 77%. These mixing and fuel vaoonzation parameters 

represent the Highest ERE perfoimance achieved by the PAT-2000 injector shown 
on Figure 20. 

Similar calculations were performed for Run 56 with the short 
chamber and cold fuel. This test represented the lowest e ? oint 

Il2!5 under^ these 1 co^ltlons^The 11 experimental Influence of both fuel 
temperature and chamber length upon the fuel vaporization efficient* is 
discussed further in subsection IV,D,3. 

The mixing efflcinecy, E m , was remarkably insensitive to 
the wide (283-394°K [50°-250°F]) fuel temperature range and the 28-JB cm in 
to 15 in.) chamber length variation. Since the 73% E m from Run 56 was the 
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c* or ERE Efficiency 


TEST 071 




Maximum Fuel Vap s 99% 
Minimum Mixing = -75 


PAT - 2000 

L* = 39 cm (15-in.) 

R f ~ 394° K (250°F) 

A % C* 

O % ERE 

SOLID SYMBOLS: TEST DATA 

OPEN SYMBOLS: MODEL CORRELATION 


98% F. VAP, 


Minimum Fuel Vap 
Maximum Mixing 


PAT - 2000 

L' = 39 cm (15-in.) 

R f ~ 394°K (250°F) 

A % C* 

O % ERE 

SOLID SYMBOLS: TEST DATA 

OPEN SYMBOLS: MODEL CORRELATION 









iqure 24. TL0L-1200 Performance Loss Identification 
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IV, D, Injector Performance (cont.) 


first chronologically computed value and since subsequent changes were very 
minor. It was assumed to be constant for the PAT-2000 Injector for all subse- 
quent analyses* Insufficient data were available from wide mixture ratio 
excursion tests to establish the Influence of fuel temperature and chamber 
length upon E m * 


Figure 24 shows the test C* and ERE efficiencies from Test 
No. 74 with the TL0L-1200 injector. This test encompassed the widest range of 
test mixture ratios on the TLOL-1200 Injector. With 311 K (100 0 fuel 
37.5 cm (15 In.) chamber length, the Inferred fuel vaporization efficiency is 
approximately 96% and its corresponding E m * 8 ?%. pis cwbi nation closely 
approximates the magnitude and slope of both the %C* and %ERE with the TL0L- 
1200 injector on Test 74. 


Constant E m Performance Correlations 


Based on the empirical observation that Em changed little 
with changes in test chamber length or with fuel heating, a simple parametric 
analysis was conducted to correlate the measured performance data by assuming 
that the E m of a given injector remains constant for all tests. 


The %C* relationships between test and analytical correla- 
tions as a function of engine test mixture ratio and % fuel vaporized for 3 
tests with the PAT-2000 injector Is shown in Figure 25. It Is apparent that 
the C* efficiency of Test 71 with 394°K (250°F fuel) is nearly asymptotic to 
the mixing performance loss corresponding to 73% E™ with 100% OX and fuel 
vaporization efficiency. Lines of predicted C* efficiency for fuel vaporiza- 
tion efficiencies of 99%, 97%, and 92% closely approximate the measured C* 
efficiency of Tests 71, 70, and 56, respectively. As discussed In the pre- 
vious subsection, the C* data in the 28 cm (11 In.) chamber with heated fuel 
(Test 72) has been omitted from the plot because of the suspected invalidity 
of the C* data which would subject the results to misinterpretation. 


Figure 26 shows the corresponding ERE correlation for the 

PAT-2000 Injector, assuming a constant 73% E m f° r £°ur £® s *; s and va P'‘ in 9 
fuel vaporization efficiencies of 100%, 99%, 96%, and 92% which appear to 
bound the test data. Since the experimental ERE slope closely approximates 
the analytically predicted trend, it appears reasonable to estimate the fuel 
vaporization efficiencies from these correlations. The only two data points 
which appear to be slightly inconsistent are those from Tests 70 and 71 at low 
mixture ratio. They appear to have benefited from some minor improvement In 
E m . This may have been due to either the longer chamber length or to the 
Improved fuel volatility resulting from fuel heating. In any case, the maxi- 
mum reasonable performance attainable from Improved fuel vaporization seems to 
have been achieved. Further performance efficiency Improvements can only be 
achieved by improving the injector E m (mixing efficiency). 








Correlation For Constant E„* PAT-2000 Injector 







IV, 0, Injector Performance (cont.) 

Figure 27 shows the comparable ERE versus mixture ratio 
correlation for the TL0L-1200 Injector with an assumed E m of 82%. Test 74 
In the long chamber and with 311°K (100°F) fuel Is matched best with «® 6 * , 
fuel vaporization efficiency. Test 75 In the short chamber with ambient fuel 
only has data available within a narrow mixture ratio range prior to 

encountering combustion Instability, but it has a 93.5% /Sim Test 73 

vaporization efficiency during its stable operation. The results from Test 73 
in^he short chamber with heated fuel are difficuU to interpret b ®jause the 
fuel temperature varied widely from approximately 311 K to 378 K (100 F to 
220°F) during the test mixture ratio range (see Table V). Thus an «J>P’r1cal 
slope has combined in It not only mixture ratio variations but simultaneous 
fuel* temperature variations as well. Nevertheless, it a PP® ar> s sa ^ e 
that Test 73 In the short chamber would have produced ^94.2% f\iel YJP°!j}j# 1on 
efficiency at 311°K (100 o F) and 95% fuel vaporization efficiency with 378 K 

(220°F) heated RP-i. 

3. Correlation with Analytical Models 

Figure 28 shows the inferred fuel vaporization efficiencies 
of the PAT-2000 and TL0L-1200 injectors as a function of chamber length and 
fuel temperature. These fuel vaporization efficiencies were previously deter- 
mined from Figures 23 and 24 and have estimated tolerances of approximately 
+ 1% due to some uncertainties as to how much of the performance loss is 
attributable to Incomplete fuel vaporization and how much to jo^nifom 
mixing. In all cases, the Priem vaporization model was used to extrapolate 
the generalized length corresponding to the fuel vaporization 
inferred in the short chamber to predict the Lgen and fuel vaporization in 
the longer chamber at comparable fuel temperature. 

By comparing the model predictions with the test data, it 
appears that the fuel vaporization improvement versus chamber length T" e 
TL0L-1200 injector is predicted reasonably well by the model. On the other 
hand, the PAT-2000 fuel vaporization efficiency outperforms the model predic- 
tion. From this it was concluded that the PAT fuel drop size 
on. is less than the 2.3 value normally attributed to the doublet injector 
elements. This conclusion can be analytically supported in another 
The TL0L-1200 vaporization improvement with length is closely PPP™*’"*^ by 
the Priem vaporization model (which assumes ag * 2.3). Both the TLOL and 
PAT patterns have comparable overall fuel vaporization efficiencies near the 
nozzle throat plane in the short combustion chamber. However, the TLOL has 
been much more sensitive to high-frequency combustion instability for The same 
resonator configurations tested. Both of these events can be explained if the 

Goat is assumed to be lower (i.e. , more uniform) than <MtQL ■ < ’EDM-LOL “ 2.3. 

I ? A was demonstrated on the OMS Subscale Program that of all the elements 
tested, the V-Doublet element had the lowest high-frequency combustion gain. 
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Correlation For Constant E m , TL0L-1200 Injector 



394°K (250°F) 



Chamber Length (in) 

Inferred Fuel Vaporization Sensitivity Compared 
Priem Vaporization Model Prediction 


IV, D, Injector Performance (cont.) 


S n r. th !!w me p r° 9ram u n1 -element cold- flow shadowgraphs demonstrated the 
- to have the most uniform spray distribution. The conclusion that 

Jhi f n^J rop ! et ,! ze enbar ? ces stability can also be derived theoretically from 
the Prlem velocity sensitive droplet vaporization model. It appears that the 
P/\T may have uniform fuel atomization distributions similar to those of the 

pat Allman* If fj 1 ? were venf1 ? d b * uni-element cold-flow shadowgraphs, the 
Vkc! d , £ e a " attractive candidate for full-scale 2224K to 4448KN 
(500K to 1M IbF) LO 2 /HDF booster engine applications* 

As shown in Figure 29, both injectors yielded less perform- 
ance improvement with fuel heating than was Initially anticipated. It was 
assumed that testing with heated fuel would substantially reduce the fuel 
viscosity and result in significant atomization and fuel vaporization improve- 
bad a l so b !? n anticipated that fuel heating would more nearly equal - 
l<An^ he T 1 and 0)Od '' 2er vaporization rates, thus enhancing the mixing effi- 

. u „ h ? s ? 1read >. been experimentally shown that the mixing was 
not strongly affected by increasing the fuel temperature. 

Two mathematical models for predicting the influence of fuel 
heating upon atomization are presently in use at ALRC. The Prlem empirical 
drop size correlation has been modified so that r m <*(Vf-°* 2 Cou/p] 0 - 25 

DredicteyhS\!I?n^h at rDr ati0 i n s< r ns . itiv ity versus fuel temperature is* 
predicted by using the ALRC analytical spray fan and atomization prediction 

model. This assumes a viscous boundary layer solution for which r m a[R J-0.2 
cons tant i*? he ref ore^ V*" ° n ' y th * f “ e ’ ' S PfVf ' 

~ * figure 29 presents a comparative view of the influence of hot 

fuel as predicted by the two analytical models. In terms of the two different 
a tomization models, the PAT-2000 data can be seen to lie between that of the 

w r k 6m ®" ,pririca l a " d the ALRC analytical atomization model and can be 
ated by either. The TL0L-1200 temperature dependence is predicted more 
accurately by the ALRC analytical model. Overall, the ALRC analytical atomi- 
* a *’? n "u de appeaPS to provide better correlation than the Priem empirical 
model. However, the Priein model formulation has adequately correlated liquid 
rocket injector performance efficiencies over the last 14 years. It would not 
seem good judgment to discard the empirical Priem correlation in favor of the 
purely analytical model on the basis of the data from this program alone with- 
out first exploring other possible explanations more thoroughly. 

4. Comparison of the PAT and TLOL Injectors 

* u_ pflT o nnn Tb f TL0L rJ 2 ® 0 injector has higher mixing efficiency than 

the PAT-2000; this results in 1% higher EP.E for the TL0L-1200. 
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IV, D, Injector Performance (cont.) 


. . (2) The mass median fuel drop size of the PAT and TLOL 

injectors Is comparable* This is evident from the fact that both Injectors 
have nearly equal fuel vaporization efficiencies. 

(3) The PAT injector appears to have a more uniform distrl- 
bution of fuel drop size about the mass median* This is supported by both its 
greater sensitivity of performance to chamber length and its reduced high- 
frequency combustion gain characteristics. 


. * ( 4 ) The TL °L injector pattern is characterized by hot oxi- 

dizer streaks between the fuel fans. This is evident by the face erosion 

NASA d chambers CS ° n ^ as we ^ ^ as the chamber wal 1 heat marks on the 


(5) From the standpoint of fuel vaporization rate, high- 
frequency combustion stability, injector face thermal compatibility, and 
chamber wall compatibility, the PAT injector appears superior to the TLOL 
element. However, the mixing efficiency of the PAT must be improved to make 
its performance comparable to that of the TLOL. 


E. 


CHAMBER HEAT TRANSFER 


Chamber heat transfer data was obta'ned during both the perform- 
ance test series and the calorimeter test series. In the performance series, 
a total of seven long-duration tests were conducted with the two NASA-supplied 
water-cooled axially slotted chambers. Total heat load measurements were made 
during these tests by measuring the total coolant flowrate and the coolant 
temperature rise. Data were obtained with both the PAT-2000 and the TL0L-1200 
injectors at 27.9 cm (11 in.) and 37.5 cm (15 in.) chamber lengths over a 

range of mixture ratios. Local heat fluxes could not be measured with this 
n ct ra ware • 


Calorimeter testing employed the 34.04 cm (13.4 in.) L' calori- 
meter chamber and the PAT-2000 injector. This chamber had 34 separately 
measured circumferential cooling circuits which allowed both local heat flux 
and total heat flux measurements to be made. 

The results of the heat transfer testing and data analyses will be 
presented in this section. 


IV, E, Heat Transfer Results (cont.) 


1. Performance Test Series Heat Transfer Results 
a. Instrumentation and data Reduction 

Figure 30 Is a schematic diagram showing the thermal 
Instrumentation used with the NASA water-cooled chambers. As this figure 
shows, the cooling water for the chamber and water-cooled resonator were 
supplied from a common source. The total coolant flowrate (FMWC), the coolant 
water inlet pressure (PWCI), and the coolant inlet temperature (TWCI) were all 
measured. Downstream of the measurement point, the coolant water flow was 
divided with part of the flow being bled-off to supply the resonator. The por- 
tion of the flow going to the resonator was measured with a turbine-type flow- 
mete** (FMRES). Both the resonator cooling circuit and the chamber cooling 
circuit were supplied with discharge orifices which maintained the pressures 
in the cooling channels at the proper levels. The chamber cooling water temp- 
erature (TWCO) was measurid downstream of the discharge orifice but upstream 
of the point where the resonator coolant flow and chamber coolant flow were 
mixed in the 15.2 cm (6 in.) diameter discharge manifold. The pressure in the 
discharge manifold was measured and was found to be generally within a few psl 
of being atmospheric. Data recording with the above instrumentation began 0.5 
seconds before each firing and continued for 5 seconds after the firing. 

The chamber heat load was calculated by multiplying the 
coolant flowrate by the coolant temperature rise, i.e.» 

Q a Wc x aT c 

The chamber coolant flowrate, IaL, was obtained by subtracting the resonator 
coolant flow from the total coolant flow: 

W c * FMWC - FMRES 

The coolant bulk temperature rise, AT C » could be 
obtained two different ways. The first consists of simply taking the dif- 
ference between the coolant outlet and inlet temperatures, TWCO-TWCI. 

However, there are two potential sources of error with this approach. First, 
there is a substantial pressure drop in the coolant circuit which produces 
frictional heating of the coolant water. Unless compensated for in some 
manner, this can introduce an appreciable error in the results. A second 
source of error could be the existence of a bias between the inlet and outlet 
thermocouples. To avoid these possible errors, the coolant bulk temperature 
rise was obtained by comparing the steady-state coolant outlet temperature 
during firing with the steady-state non-firing value, i.e., 

TWCO t - TWC0(FS-2) + 5 
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Figure 30. Instrumentation Schematic - NASA Water-Cooled Chambers 






IV, E, Heat Transfer Results (cont.) 


The steady-state non-firing temperature, TWCO/ps-2) + 5» was t akon 5 seconds 
after the firing. Waiting for 5 seconds after the firing before taking the 
non-tiring temperature provided a sufficient time period for monitoring the 
temperature to assure that non-firing steady state had been established. 

When obtaining the caul ant bulk temperature rise by com- 
paring coolant exit temperatures at ?. different points in time, it is neces- 
sary to recognize that the coolant inlet temperature could also be changing 
with time. Normally, the coolant inlet temperature changed less than 0.5 or 
1°K (1 or 2°F) during the course of a firing. However, this change was also 
accounted for in the data reduction. The resulting relationship used to 
determine the coolant temperature change was 

AT C « TWCO t - 1WC0 (FS _ 2 ) + 5 + TWCI( FS -2) + 5 - TWC I T 
b. Performance Series Heat Transfer Results 

Performance tests with the NASA chambers were conducted 
at two chamber pressure levels: nominally at 7287 kPa (1050 psia) and at 

12411 kPa (1800 psia). lo allow injector-to-i njector comparisons to be made 
and to put all the test data on a common basis, the data were adjusted to a 
pressure of 12252 kPa (1777 ps<a) using the relationship 

Q« P c °' a 

1 lie 12252 kPa (1777 psia) value was selected because geometry differences 
(primarily throat diameters) between the NASA chambers and the calorimeter 
chamber made them thermally equivalent when the NASA chambers were at 12252 
kPa (1777 psia) and the calorimeter chamber was at 13/90 kPa (2000 psia). Use 
of these correlating pressures allowed for comparisons between the NASA 
chamber and the calorimeter chamber results to be made. 

The results of the performance tests are given in Figure 
31. This figure shows the total heat load (BTU's/sec) as a function of mix- 
ture ratio for both the PAT-2000 and TL0L-1200 injectors in 27.9 cm (11 in.) 
and 37.5 cm (15 in.) L 1 chambers. Results are given for operation with both 
ambient and hot fuel. 


The data of Figure 31 are significant for several 
reasons. Somewhat surprisingly, the data clearly indicate that the chamber 
heat load is essentially independent of fuel temperature. Data points 
obtained with hot fuel and those obtained with ambient fuel all fall on the 
same heat load versus mixture ratio line. Initially it was assumed that hot 
fuel would produce early fuel vaporization and more rapid and intense com- 
bustion, thereby increasing the severity of t.hp thermal environment in 
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IV, E, Meat Transfer Results (cont.) 


the chamber. However, the thermal data Indicate that any changes in com- 
bustion which may have occurred as a result of the hot fuel had little effect 
on the chamber wall. 


The data also show surprisingly little scatter. This 
not only indicates that the data are internally consistent, but also Implies 
that the relationship Q aPcO*° is valid inasmuch as it was used t« bring all 
the data to a common reference condition. The agreement between the 6895 kPa 
(1000 psia) and 12411 kPa (1800 psia) results also would seem to indicate that 
either there is little or no soot affecting the thermal results or that, pro- 
vided there is soot, the soot layer resistance is proportional to Pc“^*°. 

The PAT-2000 injector gives a somewhat lower heat load 
than the TLQL-1200 at the 27.9 cm (11 in.) length and nearly the same heat 
load at 37.5 cm (15 in.). This is generally consistent with the performance 
results which showed the TL0L-1200 to be slightly higher-performing than the 
PAT-2000. 


The total heat load is very sensitive to the engine mix- 
ture ratio, with a linear relationship existing between heat load and mixture 
ratio over a mixture ratio range of 2.0 to 3.65. Only at the highest mixture 
ratio point tested (MR ■ 4.2) does the relationship become nonlinear. It is 
apparent that the heat load can be reduced very dramatically simply by 
decreasing the mixture ratio. The same effect can probably also be achieved 
by locally decreasing the mixture ratio at the wall, i.e., through the use of 
fuel film cooling. 


An aspect of the data which has not been adequately 
explained is the very large difference in heat load between the 27.9 cm (11 
in.) and 37.5 cm (15 in.) chambers. In the case of the PAT-2000, the addi- 
tional 10.2 cm (4 in.) of cylindrical section increases the heat load by 2530 
kwatts (2400 BTU ’s/sec). This more than doubles the heat load at the lower 
mixture ratios. It was predicted analytically that the added surface area 
would increase the total heat input by about 1054 kwatts (1000 BTU’s/sec). 

This prediction was based on the assumption that the added chamber length 
would not impact the nozzle heat flux. The data indicate that this assumption 
is not valid and that the added 10.2 cm (4 in.) of cylindrical section pro- 
duces an increase in the nozzle flux. 

Figure 31 also shows a point labeled "DESIGN POINT." 
Prior to testing the NASA water-cooled chambers, a brief thermal analysis was 
conducted to evaluate the suitability of these chambers for use on the pro- 
gram. The total heat load predicted for the 37.5 cm (15 in.) chamber length 
is shown as the "design point." lhe measured heat load was about 15% lower 
than analytically predicted. The analytically predicted value was based on 
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IV, E, Heat Transfer Results (cont.) 


the assumption of a clean (i.e. , soot-free) wall. Thus, based on the total 
heat load data, It would be possible to hypothesize the existence of a low 
thermal resistance soot layer. 

2. Calorimetric Chamber Heat Transfer Results 


All of the calorimetric chamber testing was conducted with 
the 34.04 cm (13.4 in.) L' water-cooled calorimeter chamber with the PAT-2000 
injector and heated fuel. As noted previoulsy, this chamber had 34 separately 
measured circumferential cooling circuits consisting of 2 or 3 channels per 
circuit. The engine had a separate wat o r-cooled acoustic resonator. 

a. Instrumentation and Data Reduction 

A schematic diagram of the calorimeter chamber test con- 
figuration showing the heat transfer instrumentation is given in Figure 32. 

The total water coolant inlet flowrate (FMWC), pressure (PWCI), and tempera- 
ture (TWCI) were measured. The inlet manifold supplied 35 separate coolant 
lines, 34 of which fed chamber cooling circuits and one of which supplied the 
water-cooled resonator. Five of the lines to the chamber and the line 
supplying the resonator contained turbine type flowmeters (FMWC-XX, FMRES). 
Each of the 34 cooling circuits contained a thermocouple in its discharge line 
(TWC-XX). Each cooling circuit also had a calibrated discharge orifice which 
operated in a cavitating mode at the chamber operating conditions. Fifteen of 
the chamber cooling circuits contained pressure transducers immediately 
upstream of the cavitating orifice (PWCC-XX). All of the cooling circuits 
discharged into the 6-inch diameter discharge manifold which normally operated 
at about atmospheric pressure. The mixed mean discharge temperature was 
measured (TWCD). 


This experimental setup provided for redundancy in a 
number of key measurements. Each chamber cooling circuit had been separately 
flowed, with a Kw (flow coefficient) established for the circuit. This flow 
coefficient could be combined with the flow coefficient for the calibrated 
discharge orifice to obtain a flow coefficient (Kw) for the assembled circuit. 
Since all the discharge orifices flowed in a cavitating mode, the flow for 
each circuit could be calculated by using the inlet manifold pressure (PWCI) 
and the circuit flow coefficient (Kw). This provided a separate coolant flow- 
rate for each of the 34 circuits. In addition, the flow in the 15 circuits 
which had transducers in their discharge lines (PWCC-XX) was calculated by 
using the discharge line pressure (PWC-XX) and the discharge orifice flow 
coefficient. As a result, 15 coolant circuits had redundant flow measure- 
ments. Furthermore, 5 of these 15 circuits had inlet flowmeters which pro- 
vided another independent flowrate measurement and gave five circuits with 
double redundancy on flowrates. A final check on flowrates could be obtained 
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IV, E, Heat Transfer Results (cont.) 


by comparing the sum of the individual circuit flows with the total flow as 
measured by the inlet line turbine flowmeter (FMWC). 

thp Th ? u9h x? 3 1esser extent » there also was redundancy In 

the heat flow measurements. The sum of the heat flows for the Individual cir- 
cuits could be compared with the total heat flow as determined by the total 
flowrate and mixed mean discharge temperature. 

The data reduction followed the procedure outlined in 
the previous section for the NASA water-cooled chambers. Coolant temperature 

ch«uirt W hI e nS t H'TI n f d ° n t f e ? asis of chan 9es in discharge temperatures. It 
i? "S e J tha V n calcu1atin 9 the local heat fluxes, the heated area 
tw^rp 5L circuit was simply tf.e exposed hot- gas surface area. No correc- 
JhP L!r 1 f ° r axia1 conduction. Additionally, in determining 

^V? td L heat oad the chamber, it was necessary to correct for the heat 
w?JpA h L water ‘ c ? 0l6d r ? sonator s1n ce the mixed mean discharge coolant 
f?nl, ud ! d re f°n a J or coolant. To make this correction, the resonator heat 
n w w s.estimated by taking the projected surface area of the resonator and 

atelv P adia?ont tn heat f l u \ in first chamber circuit (located immedi- 
ately adjacent to the resonator). The resonator thermal load calculated In 

this way was found to constitute only about 2% of the total measured heat 
input to the chamber. 

b. Data Consistency 

.. . t , With the redundant measurements, it was possible to 

chtck the internal consistency of the data obtained during the calorimeter 

'»V S " as do D® ^ comparing tne individual circuit flows as mea- 
sured by the three different methods described in the previous subsection, 

th Vo\° f the individua1 circuit coolant flows with the total 

total^ measured heat'loaST" " g the ,nd,v,tlua ' clrcun •»«* >o«<* with the 

Tpc t nftR for th a 1 R Tab -f VUI I s a comparison of the water flow data from 
lest 08b for the 15 circuits on which redundant measurements were made. The 

thp e pff°JfT nS 2 r V* ^ f1owrate found using the inlet manifold pressure and 
the effective Kw for the channels and orifice (W[K]); 2) the flowrate based on 
the pressure drpp across the orifice (W [ORIFICE]); and 3) the flowrate from 

mpnt °T^ et ^r W [FLOWMETER]). | n general, the readings are in good agree- 
mcnt. The flowrates obtained using the orifice pressure drop are on the 
average 3% higher than those obtained using the inlet pressure, whereas the 

fltton^hp f? S a 7 3% hl 9 her thdn the orifice values. In subsequent calcu- 
chan° n i’ ^ owrates used were ^e average of the measurements for each 
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IV, E, Heat Transfer Results (cont.) 


Table IX is a comparison of total measured flowrates and 
the sum of the Individual channel flowrates. Again, the data show good agree- 
ment, with the sum of the Individual channel flows being consistently 3 to 4% 
lower than the total measured flow. Since the sum of the channel flows 
(• : Circuits) is based primarily on the channel flowrates determined by using 
"R" (i.e. , w[K]), the bias towards low flowrates shown in the individual chan- 
nel measurements is also showing up here. In all likelihood, the w(K) values 
are low by about 3%, but the error is small. The source of the error is per- 
haps explainable in that the pressure drop of two hydraulic resistances 
closely coupled in series (chamber and orifice) is less than the sum of the 
two measured separately. 

Table X presents a comparison of the total heat load 
determined on the basis of 1) a summary of the individual circuit heat loads 
and 2) the total flowrate and temperature rise. There is very close agreement 
between the two sets of values, but with Q (TOTAL FLOW) always being somewhat 
higher than Q (i Circuits). This is consistent with the bias seen in the 
coolant flow data where the summation of the individual flows was less than 
the measured total flow. The relatively large error (11%) in the Test 084, 

8-5 » 12.0 sec data period is probably partially due to the very small coolant 
temperature rise [<6°K (15°F)] in a number of the chamber circuits during that 
time. 


Overall, the data were found to exhibit a high degree of 
consistency. No reason exists to question their validity. 

c. Calorimeter Chamber Total Heat Load Data 

The total heat load for the calorimeter chamber was 
determined on the basis of the measured total coolant flowrate and bulk temp- 
erature rise. In order to allow the results to be compared with results from 
the NASA chambers, 2 corrections were made. All of the calorimeter data were 
adjusted to a pressure of 13790 kPa (2000 psia) to account for the throat area 
difference between the NASA chambers and the calorimeter chambers. In addi- 
tion, it was necessary to adjust the calorimeter data to account for the 
divergent nozzle geometry differences between the NASA and calorimeter 
chambers. The divergent nozzle of the NASA chambers expanded tr an area ratio 
of b.8 with a 15° half angle cone while the calorimeter chambe> , which was 
designed to simulate a truncated high area ratio nozzle, expanded to an area 
ratio of 8.3 with a 40° half angle. It was determined analytically that the 
supersonic region thermal loads in the calorimeter chamber must be multipled 
by a factor of 1.93 in order to make them comparable to the NASA chamber 
values. This was done by taking the measured total heat load in the super- 
sonic portion of the calorimeter chamber, obtaining a \Q by multiplying it by 
the factor of 0.93, and then adding this 'Q to the total load as calculated 


TABLE IX. - COMPARISON OF TOTAL COOLANT FLOWRATES 


TOTAL FLOW 


IgST DATA PERIOD FMWC - FMRES £ CIRCUITS 




kg/sec 

(lbm/sec) 

kg/sec 

(lbm/sec) 

84 

7.5 ->8.0 

33.66 

(74.2) 

32.30 

(71.2) 

84 

8.5 -> 12 

33.70 

(74.3) 

32.30 

(71.2) 

85 

15 >20 

34.70 

(76.5) 

33.38 

(73.6) 
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TABLE X. -TOTAL HEAT LOAD_COMP ARISON 


TEST 

DALA.PE.R1PP 

(TOTAL. FLOW) 

Q-L 



k watt 

(BTU/sec 

k watt 

084 

7.5 - 8.0 

3515 

(3334) 

3502 

084 

8.5 * 12.0 

2767 

(2624) 

2790 

085 

15 > 20 

3989 

(3783) 

3895 


CIRCUITS) 

(BTU/sec) 

(3321) 

(2362) 

(3694) 
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IV, E, Heat Transfer Results (cont.) 


from the total flowrate and bulk temperature rise. The net effect of this 
adjustment to the data was to Increase the total heat load for the calorimeter 
chambers by about 10% In each case. 

Figure 33 shows the adjusted total heat load for the 
calorimeter chamber plotted as a function of mixture ratio. Also shown for 
comparison are the curves obtained with the same Injector and the 27.9 cm (11 
in.) and 37.5 cm (15 in.) NASA chambers. The calorimeter data, like the NASA 
chamber data, show very little scatter. The calorimeter chamber data are in 
excellent agreement with the NASA chamber data both in terms of magnitude and 
mixture ratio sensitivity. The data for the 34.04 cm (13.4 in.) calorimeter 
chamber lie almost midway between the 27.9 and 37.5 cm (11 and 15 in.) NASA 
chamber data. Using the NASA chamber data as a base, the total heat load to 
the calorimeter chamber could have been accurately predicted with a simple 
linear interpolation on chamber L'. The total heat load at the 2.8 mixture 
ratio point is about 5% below the predicted design point value based on the 
clean wall" calorimeter chamber design analysis. 

d. Local Heat Flux 

The local heat flux data for the three different mixture 
ratio test points are given in Figures 34, 35, and 36. These figures show the 
heat flux as a function of axial position, with the chamber configuration and 
circuit number both identified on the abcissa. All the data shown are steady 
state. It should be noted that although the circuits were numbered to 36, the 
chamber had only 34 circuits. There were no circuits 4 and 5. Data were not 
obtained on every channel at each operating point due to thermocouple prob- 
lems. 


As the data of Figures 34, 35, and 36 show, the heat 
fluxes were in good agreement, exhibiting very little scatter. The slight 
discontinuity in flux between circu.ts 8 and 9 is the result of a change in 
channel geometry which produced axial heat conduction which was not accounted 
for in the data reduction. 

Figure 37 is a composite plot of the data from Figures 
anc *.36* Figure 37 also shows the design heat flux for a mixture ratio 
of 2.8. This design heat flux assumes a "clean wall" and is based on "Cg" 
values obtained at NASA/LeRC with 02/H2* The experimental curves show the 
same strong dependence of heat flux on mixture ratio that was observed pre- 
viously in the total heat load data. The variation in heat flux with axial 
location is significant. At the upstream end of the chamber, the heat fluxes 
are very low (approximately 1/3 of the design value) and independent of mix- 
ture ratio. This low heat flux condition only exists near the injector. 
Farther down the chamber, the measured heat flux increases to meet, and then 
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figure 33. Comparison of Total Heat Load for NASA and Calorimeter Chambers 
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IV, E, Heat T ransfer Results (cont.) 


exceed, the design values. At the throat, all three data lines are well In 
excess of the design curve, Indicating a significant under-prediction of the 
throat heat flux. Downstream of the throat, the data lines drop off more 
rapidly than the design curve. 

It was noted earlier that the predicted and measured 
total heat loads were in good agreement. Based on the above results, it is 
apparent that the accuracy of the design prediction of the total heat load was 
fortuitous. The over-prediction of the chamber heat loads was very nearly 
offset by the under-prediction of the throat heat loads, thus the two errors 
compensated for each other. 

In assessing the differences between the predicted and 
actual heat flux profiles, both the over-prediction of the cylindrical section 
flux and the under-prediction of the throat flux must be addressed. One 
explanation for the low heat flux ic the cylindrical section would be the 
existence of a soot layer which acts as a thermal barrier. The predicted flux 
curve was based on a clean wall, and the presence of any soot would normally 
be expected to decrease the heat flux. Correlations for soot layer effects 
such as those of Figure 43 Indicate a maximum soot resistance where the com- 
bustion gas mass velocity is lowest, which, in this case, is in the cylindri- 
cal combustion chamber. Perhaps the most significant problem with the soot 
resistance explanation for the low chamber heat fluxes is the post-fire con- 
dition of the combustion chamber. Inspection of the chamber showed what 
appeared to be generally uniform soot deposits over the entire chamber and 
nozzle with the exception of the injector end of the chamber. The first 10.2 
to 15.2 cm (4 to 6 in.) of the chamber had noticeably lighter soot deposits, 
with copper showing through the soot in some locations. Although it is pos- 
sible that the soot pattern present in the chamber after a firing is largely 
the result of the shutdown transient, a more likely explanation of the low 
heat flux and minimal soot deposit is that propellant mixing is very limited 
near the injector such that the wall sees cold fuel vapors which undergo 
little cracking or thermal decomposition. 

The much higher than predicted throat fluxes pose a more 
serious problem than the low chamber fluxes. Normally, the throat heat flux 
limits the maximum pressure capability and the cycle life of an engine. 

Throat heat fluxes approximately 70% above predicted present a significant 
problem for any high-pressure rocket engine. Several explanations for the 
high flux can be hypothesized. The most obvious explanation is that the 
design prediction was in error. In the design phase, the gas-side film 
coefficients were calculated using the following relationship: 

h g » 0.026 C g (Z) r f U e C p f Ref-0*2 p rf 0.6 

--- C (J (Z) DB f d tV( W T 
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IV, E, Heat Transfer Results (cont.) 


with all properties evaluated at a film temperature (Tf) equal to the aver- 
age of the recovery and wall temperatures. The C g profile used is shown in 
Figure 38. It was developed from NASA data for a chamber with a much larger 
convergent angle (30°) than that tested herein (13°). These NASA data are 
included in Figure 38 at the corresponding 2/rt in the convergent section 
and the same ratio on the nozzle. Also shown tor comparison are recent OMS 
data ranges which show the same general trend. 

The Cg profile derived from the test data for a 
mixture ratio of 2.8 is presented in Figure 39. This figure gives the area 
ratio and Cg as a function of axial location. Comparing the experimental Cg 
curve of Figure 39 with the design curve of Figure 38, it appears they are 
almost complementary, i.e. , the design Cg is high where the experimental 
values are low, and vice versa. As notea before, the low injector end C g 's 
are probably injector-produced. Obviously, the design C g curve, even though 
based on experimental data, does not describe what is occurring in the 
convergent section or throat. The use of a constant C9 correlation such as 
that of Bartz* would have cane much closer to predicting the results.** 
However, this still would have resulted in an under-prediction of the throat 
flux. At this time, there is no generally accepted C Q profile which would 
predict the data of this program. y 

It is also possible that there was a soot layer in the 
throat which acted to increase rather than decrease the heat flux. This would 
happen when the wall roughness caused by carbon deposition reduces the resis- 
tance of the hot-gas boundary layer more than the presence of the carbon 
increases the wall resistance. This particular mechanism would be peculiar to 
high-pressure, low-thrust engines where the boundary layer laminar sublayer is 
very thin. Carbon deposits which appear hydraulically smooth in engines such 
as F-l and Titan I could be rough in engines of the configuration tested in 
this program. NASA/LeRC data*** for slightly thicker sublayers indicate that 
a heat flux enhancement of 20-30% might occur in this way. However, the 
required 70% enhancement appears unreasonable with only this mechanism 
involved. 


*Bartz, D.R., "A Simple Equation for Rapid Estimation of Rocket Nozzle Con- 
vective Heat Transfer Coefficients," Jet Propulsio n. January 1957. 

**Interestingly, the data used by Bartz to substantiate his correlation give 
a peak C g of about 1.25 to 1.30 slightly upstream of the throat, much the 
same as the data from this program. 

***Reshotko, M. , et al . , "Heat Transfer in a 60° Half-Angle of Convergence 
Nozzle with Various Degrees of Roughness," NASA TN P-5887, July 1970. 
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IV, E, Heat Transfer Results (cont.) 


Additional discussion of the heat transfer results and 
possible explanations for the differences between the predicted and measured 
values is given in Section IV, E, 4. 

3* Interrelationship Betwe en Combustion Performance and Heat 

Transfer Analyses ~ 

The he *t transfer data obtained with the NASA water-cooled 
chambers and the calorimeter chamber were evaluated to determine what insight 
they would provide into the combustion process and, conversely, what insight 
the performance modeling might provide into the heat transfer results. A key 
element in this analysis was the conclusion (based on the performance data) 
that the combustion process with the PAT and TLOL injectors is mixing-limited, 
ihis allowed the use of results obtained on Contract NAS 3-14379 with gas-gas 
propellants. Combustion with gas-gas propellants is inherently mixing- 
limited. The extensive cold-flow and hot-fire testing on Contract NAS 3-14379 
snowed that the gases within an incompletely mixed combustion chamber can be 
approximated by a pair of streaintubes, one fuel -rich and one oxidizer-rich. 

The mixture ratio of these streamtubes can be related to the overall test 
mixture ratio by the mixing efficiency, E m , as follows: 

0/F (Fuel-Rich) . E„, , (0/F) overa11 
0/F (Oxid-Rich) - (0/F) overa ,, /Em 

With the two-streamtube, mixing-limited model, the first 
question to be raised is which streamtube (fuel-rich or oxidizer-rich is 
representative of the environment at the wall. While neither the PAT or TLOL 
patterns provided any film cooling, both were designed to yield a fuel-rich 
bias at the wall. The post-fire condition of the chambers showed the walls to 
be soot-free or lightly sooted near the injector and rather uniformly but not 
heavily sooted over the remainder of the chamber. By itself, this could be 
interpreted two ways: either the wall was oxidizer-rich near the injector and 

became fuel-rich several inches downstream, or else it was fuel-rich from the 
injector all the way to the exit but with temperatures so low near the injec- 
tor that the fuel was not hot enough to form soot. Thus the chemical environ- 

m ^ n ^L. at wa cou ^ d not be established conclusively from visual inspection 
of the chamber. 


^ ed< - transfer data give a more positive indication of the 
"fl' environment. The total heat load data obtained with both the PAT and 
dat ! n J ectors the NASA water-cooled chambers and those obtained with the 
PAT with the calorimeter chamber all indicate the average wall environment to 
be fuel-rich. A plot of this data is given in Figure 31. It shows the wall 
compatibility to be a strong function of mixture ratio, with the flux 
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IV, E, Heat Transfer Results (cont.) 


Increasing with increasing mixture ratio. This is typical of a fuel-rich wall 
environment. The calorimeter chamber data of Figure 37 provide further sup- 
port to this conclusion. These data show that, at every axial station, the 
heat flux increases monotonical 1y with 0/F, indicative of a wall that Is 
fuel-rich from the injector face through the nozzle exit plane. Based on 
these results, it is concluded that the fuel-rich streamtube is character- 
istic of the wall environment. 

The two-streamtube model allows a more quantitative assess- 
ment of the heat transfer results. The performance anlaysis indicated an 
E m ® .73 for the PAT-2000 and an E m = .82 for the TLOL-1200. Given these 
values, the model would state that the TLOL and PAT injectors have the same 
wall environment when the PAT mixture ratio is reduced by a factor of 
.73/. 82 = .89. When this is done to the data of Figure 31, the 27.9 cm (11 
in.) chamber data are found to correlate very well, i.e., the PAT and TLOL 
data are coincident. However, this correlation over-corrects the 37.5 cm (15 
in.) chamber length data. 

The compatibility-mixture ratio relationship car, be examined 
with this model. The PAT-2000 was tested in the 37.5 cm (15-in.) chamber with 
hot fuel at a mixture ratio of 4.14, the highest mixture ratio tested. This 
is the only point which seems to be beyond the peak heat flux mixture ratio 
which appears to occur around 3.9 with the PAT-2000 injector. The corres- 
ponding PAT-2000 wall mixture ratio at the peak heat flux is 2.85, i.e., .73 x 
3.9, which is consistent with analytical predictions. 

4. Observations 


The heat transfer data generated in this program contained 
some fairly significant "surprises." These unanticipated results, the pos- 
sible mechanisms which produce them, and a condensed discussion of each are 
summarized in Table XI. 

The high heat fluxes in the throat region are probably due to 
the combined effects of soot deposit roughness, chemical reactions In the 
boundary layer, and lower-than-predicted flow acceleration. As noted pre- 
viously, the Cg data of figure 38 are for a 30° convergent angle; they 
exhibit a large Cg depression in the throat region due to flow acceleration. 

A smaller Cg depression can be expected for the 13° convergent angle tested 
in this program and would explain the presence of the peak heat flux at the 
throat instead of the upstream location predicted. 

A plot of D^* 8 (q/A), which eliminates the diameter effect 
from the heat flux, is shaped like the Cg curve of Figure 39 and indicates a 
region of high relative heat flux upstream of the throat. It is of interest 
to note that the start of ‘his region corresponds closely to the intersection 
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IV, E, Meat Transfer Results (cont.) 


rss st.se "f*?' 

ratio In other axial regions is considered t n 1!^ ^ i ’ . S ’ nce the 1,1 fixture 

z a; rczzv/^ 

than the observed tUc?ease tn Dl.a (^A). ’ S s ’ 9 " ,fi “" t » larger 

taintles, and radiation ar^not ^ons 1 dere'd "t o ^"^mensional flow uneer- 

explaining the high convergent sectio^h^/fi^ sigr " flCdnt factors in 

directly applicable to nozzle converaent <prt! UXeS ‘ Partjc1e impingement data 

ticle velocities and the small convergence anql^should^inl 3 ^ ! 1ab1e * Low par- 
impingement effects. vergence angle should minimize particle 

Hgore 37 as the JesJ^m^eV^u^r^ucei Jr™ ??£ i%» bs !:^ <" 
tage reduction in throat flux can be predicted if thn^n 1# ?* The percen ~ 
considered to be fuel-rich cons i stent P withtho l f . th ? mixture ratio is 
and the mixing efficiency E m is inferred frnm'thf 010 ^ 0 ement orientation 
noted previously, the combust innMH ?[ d f the perfor mance data. As 


(0/F)waU 


(0 F) overa ] ^ 


Since the PAT-2000 performance data yield an E n f n n fll ,, . 

ratios at the throat for the calnrin^tor' u m the wall mixture 

2.04. Predicted heat fluxed for th?! 1 ! chainber tests range from 1.39 to 
ture ratio because of the larae inrrp^cn"? 6 1 ! Cr ! aSe s i 9 ni f ieantly with mix- 
is illustrated in Figure 40 9 Thic f?! S 1n adiabatic wall temperature. This 

turc rat io on heat ? a ?. Z\Z< Sltf** °' ^ 

“T 51 * 3 * 1 ™ ° f Gaseous Propellant 
and "Handbook for Design of Call, '■ d G uidelines,- (Final Report) 
Chambers," NASA CR-1 21234 , 31 July^™*.' 0 dnt n ^ cctors dnd Combustion 
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IV, E, Heat Transfer Results (cont.) 


total hoot load tJSft'J.ST 'SuiJj Ifll 15 that a " h «‘ ««* «< 
along the wall, analogous to havlna fuel fdn^u 1 "^^ 3 fuel-rich 2 une 
with a gradual axial increasp in wai 1 < I m cooling at the Injector end, 

In addition to explaining the mixture rating rd 5 0 t* the P r0 P te ’ lants mix. 
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tions in heat flux relative to oSlSw 2“"** f ?£ the ,arge ax1a1 var1a ’ 
the wall mixture ratios would be redSll^l/fL^" f ° m f Uture rati ^’ Since 
shorter chamber, the large reductions ?n iLl ? sect1on of a 

33) are also explained! 1n heat load with decreasing L* (Figure 

large extent, reflect ^he^rouef lant P?|;h es1s that the therma 1 results, to a 

experimental heat flux data, figure 4 1 shows ^ ? S !? Ssed us1n 9 the 
mixture ratio inferred from the heat flux ? variation of the wall 

2.8, assuming a uniform C with thP win m ?!l f0r f - test mixture ™t1o of 
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model. The first oart of ?h?« I?^ klnet1 f . effe « t * 1n the thermochemistry 
the film cooling model of RouLr UlTr ra J 10 axi ? profile 1s consistent with 
fuel flow frw^hTSrlSherS fi coo1ant <* the 
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relationship hypothesis. Increased mi*iln!af t0 th a mix \ n ?/heat transfer 
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IV, E, Heat Transfer Results (cont.) 


generally accepted. This soot layer is thought to act as a thermal barrier, 
reducing the heat flew Infca the wall. Wall surface thermocouples have 
measured oscillatory surface temperatures which have been explained as the 
buildup and spal’irg-off of a carbon layer. Correlations (such as that given 
in Figure 43) have been developed which relate the soot layer resistance to 
the combustion stream properties. Historically, the key question for the 
rocket chamber thermal designer has not been the existence of a soot layer, 
but, rather. Its thermal resistance and how this resistance might be con- 
sidered in the chamber thermal design. 

One of the goals of this program was to investigate the 
effect of soot. The data from this program indicate no soot thermal barrier 
developed, even in tests up to 32 seconds duration. As noted previously, only 
in the cylindrical section of the chamber was the heat flux lower than the 
predicted clean wall flux, and this was the portion of the chamber with the 
thinnest soot deposit. With both the converging section and throat heat 
fluxes higher than predicted, it is difficult to hypothesize any appreciable 
thermal barrier being present. 

T ho test data were also reviewed to determine if they con- 
tained any time dependence which might suggest either a buildup or buildup and 
loss of a soot layer. No such time dependence was found. Ruth the chamber as 
a whole and the individual circuits quickly established a steady-state condi- 
tion which changed only >/hen the operating mixture ratio changed. 

Soot layer changes could, of course, have been occurring on a 
very localized basis which would not be detectable by coolant temperature rise 
measurements if the localized areas were ^mal 1 and occurred at random loca- 
tions on the chamber wall. 

As part of Contract NAS 3-21381*, relationships were 
developed which expressed the soot layer thermal resistance as a function of 
the combustion gas properties. The equation for LOX/RP-1 at a mixture ratio 
of 2.8 is as follows: 


X _ 9.0 - .51G 

K " e 


where : 


Y ° soot resistance (in.2-sec-°R/BTU) 

G = gas stream mass flux (1bm/in.2_ sec ) 


♦"Investigation of Advanced Cooling Technique for High-Pressure Hydrocarbon- 
Fueled Engines," NAS 3-21381. 
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IV, E, Heat Transfer Results (cont.) 


This equation was used to predict soot layer resistance for the calorimeter 
chamber. In addition, the total thermal resistance (defined as the combined 
resistance of the hot-gas film, the wall, and the coolant film) for a number 
of locations on the chamber was calculated from the test data. The results 
are given In Figure 14. They show that, with the exception of a very small 
region by the throat, the predicted resistance for the soot layer is signifi- 
cantly greater than the experimentally determined total wall resistance. 
Obviously, If there Is any soot barrier at all. Its resistance Is substan- 
tially less than predicted. 

There may be a very good reason for the experimental data 
from this program being at variance with the soot resistance correlation and 
the data from other programs. The soot resistance correlation is largely, and 
perhaps entirely, based on results obtained from engines with fuel film 
cooling. The same statement can be made relative to the sooting experience of 
other programs. The results of this program, however, were obtained without 
any film cooling although the patterns were designed to provide a fuel -rich 
orientation at the wall. Consequently, the environment at the wall In this 
program was likely to be less fuel-rich than that of the early programs, with 
less soot anticipated. More importantly, the results of this program snow the 
wall flux to be very mixture-ratio-sensitive. The Introduction of fuel film 
cooling could be expected to produce a significant reduction in heat flux, 
part of which might correctly or Incorrectly be attributed to soot resistance. 

F. COMBUSTION STABILITY 

The Investigation of combustion stability was not a primary objec- 
tive of this program. Rather, the Intent was to achieve stable combustion so 
that valid performance and heat transfer data could be obtained. As a result, 
no bomb testing was undertaken during the program and there were no tests 
designed to assess stability margin. If an Instability was encountered, the 
goal was to eliminate it as expeditiously as possible. 

1. Test History 

A listing of the combustion stability results from the entire 
program Is given In Table VI. The hardware assembly and the location and 
shape of the acoustic cavities are illustrated in Figures 8 and 9# High- 
frequency Instrumentation was used on every test, and the data were reviewed 
to provide a stability assessment of each firing, lhe only mode of 
billty observed during the program was the first tangential (1-T)# Both the 
TL0L-1200 and TL0L-2000 were unstable In this mode. The observed 1-T fre- 
quency was In the range of 3700 to 4400 Hz, which Is essentially equal to the 
analytically predicted 1-T frequency for these chambers. The PAT-2000 Injec- 
tor was found to be stable In all modes in all tests. 
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IV, F, Combustion Stability (cont.) 

The stability history of the TLOL-1200 Indicates It to be 
very marginal from a stability viewpoint. Seemingly small changes In con- 
figuration or operating conditions could move It from stable to unstable. The 
first test (Test 040) with this unit resulted In a spontaneous 1-T Instability 
0.4 seconds Into the firing. The acoustic cavity configuration for this test 
consisted of 6 1.78-cm (0.7-in.) deep 1-T cavities and 6 0.0 cm (0.0-1 n.) deep 
2-T cavities. (The cavity depths are measured from the Injector face plane.) 
The total cavity open area on this and all other tests was nominally 33% of 
the Injector face area. Following the 1-T Instability on Test 040, the 
resonator was retuned to 2.03 cm [0.8 In.) deep (6 cavities) and 0.51 cm (0.2 
In.) deep (6 cavities). This retuning was undertaken to achieve better 1-T 
damping. With the retuned cavities, the next 2 tests (046, 047) with this 
Injector were stable. 

The TLOL-1200 was tested later (Test, 073) with the 27.9 cm 
(11 In.) long NASA water-cooled chamber, the cooled resonator, and hot fuel. 
The water-cooled resonator had been machined to provide 8 1-T cavities which 
were 2.03 cm (0.8 In.) deep and 4 2-T cavities 0.51 cm (0.2 in.) deep. This 
configuration had been selected for two reasons. First, the cavity depths 
were consistent with those which had previously been successful on Tests 046 
and 047. In addition, biasing the number of cavities In favor of 1-T (l.e. , 8 
1-T, 4 2-T vs 6 1-T, 6 2-T) appeared reasonable In light of the apparent 
sensitivity of the TLOL Injectors to the 1-T mode. Test 073 was a long- 
duration, multi-data-polnt firing. After almost 16 seconds of stable opera- 
tion, the TL0L-1200 went into a 1-T instability while running at a mixture 
ratio of 2.6. Earlier In the test, it had operated stably at 0/F *s of 2.5, 
2.7, and 3.1. It was not apparent what the cause of the Instability might 
have been. As this was the first test of the TLOL with heated fuel, the use 
of heated fuel was considered to be a significant factor contributing to the 
Instability. Other possible factors were the slightly different geometry of 
the cooled cavities relative to the uncooled cavities and the use of the 27.9 
cm (11 In.) chamber. 

Test 074, also with the TL0L-1200 Injector, was a repeat of 
the unstable Test 073 but with 311°K (100°F) fuel and the 37.5 cm (15 In.) 

NASA chamber. This 30-second duration test was stable. 

Test 075 was a repeat of Test 074 but with the 27.9 cm (11 
In.) NASA chamber and 294°K (70°F) cooler fuel. The Injector went unstable 16 
seconds Into the firing as the mixture ratio was being lowered from 2.8. 
Although the TLOL-1200 was In good condition at this point. It was not fired 
again due to the almost random character of the Instabilities. It would 
appear that even in those tests which were stable, the TLOL-1200 must have had 
a minimal margin of stability In that the differences between stable and 
unstable operating conditions were small. Bomb testing with a variable tune 
resonator would be recommended to establish a stable operating configuration 
and determine the limits of stability with that configuration. 
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IV, F, Combustion Stability (cont.) 


The TLOL-2000 Injector did not operate stably. It was tested 
4 times and went Into a 1-T Instability each time the design chamber pressure 
was reached. Perhaps the most striking result with this Injector was the 
difference In outcome between Tests 057 and 059. In Test 057, there was a 
problem with the combustion stability monitor which allowed the engine to 
operate for more than 4 seconds at 12,548 kPa (1820 psl) with a well -developed 
4137 kPa (600 psl) peak>to-peak 1-T Instability. There was no visible hard- 
ware damage on this test. Test 059 was run with the same hardware, operated 
unstably for 0.3 sec, and produced very severe Injector face erosion. The only 
significant difference between these tests was engine 0/F. Test 057, which 
produced no hardware damage, was run at an 0/F of 2.4, while Test 059, which 
produced the face erosion, was at an 0/F of 2.8. 

2. Observations 


Based on the combustion stability design analyses and the 
post-fire data analyses, the following observations have been made: 

(a) The PAT pattern was stable. In the limited stability 
testing conducted during the program, the stability of the TL0L-1200 was 
Improved and a marginal stability condition was achieved by a cavity retune. 

(b) The experimentally observed value of the combustion 
pressure Interaction Index (n) Is higher than had been predicted on the basis 
of historical data. 


n Predicted - 0.66 
n Experimental » 0.72 

(c) The experimentally observed values of sensitive time 
lags are larger than had been predicted. One possible cause which has been 
hypothesized for the large delay times Is slower than predicted Initial 
droplet vaporization rates resulting from lower than stoichiometric gas 
temperatures near the injector. The predicted and observed time lags are as 
follows: 
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IV, F, Combustion Stability (cont.) 


Injector 

TL0L-1200 

TL0L-2000 

PAT- 1200 

PAT-2000 


Original 

Prediction 


Experimentally 
Observed 


T ox 

T f 

T ox 

T f 

T ox 

T f 

T ox 

T f 


0.044 ms 
0.087 ms 
0.041 ms 
0.101 ms 
0.041 ms 
0.067 ms 
0.031 
0.052 



(d) The experimentally observed 1-L s ^ abi ]!J y t Jfr e ^ r f Jug ly 

results is given in Table XII* n , 4 ne +AMHtv as thev were coining up 

erallv nassed through a short period of 1-L InstablUtyastneywere cuu.y h 

iWpSJSTtS' "risinsifW^sis 

and test program are also given In the table. 

G. DATA APPLICATION 

The Intent of this program was to extend the technology base of 

1. Recommended in jector np^gn Analysis Procedure 

Based on the results of this program the first two steps In 

In the vaporization analysis. 
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IV, G, Data Application (cont.) 


Prior Industry analysis practice has been to evaluate the 

axial chamber droplet vaporization for either just the mass ^j} n 
dlaJeterT for a drop size distribution, but only at the overall 1»J*tor 
SSSTrStl" This program Indicated that In addition one should also con- 

lilt; plillfe 

quantity to S “o^°5^ar%to^lOTHr” P 9as twpErSIr* surrounding each 
droplet* The simplified Prlem Generalized Length ^Jel was used to predict 

stoichiometric. To account for this in the analysis, the real P 

vaporization rates are adjusted downward by 


d W VAp (RP-1) d W UAP PRIEM 


VAP 




dx 


t 1 


(°/ F )fuel rich " T crit, RP- 


5000 R - T 


crlt, RP-1 


*1 


svssrrjrsi vsr. ass’s: ,"wmSH s ‘‘ 

!ir.!K.s;rA:^ 

cimii arlv^subst 1 tut 1 no L0? properties In the most oxidizer rich stream tube 
reduced^ the*ox1d1zer vaporization rate compared to similar drop sizes In the 
stoichiometric or fuel rich streamtubes. However, due to the extreme vol at 11 
Itv of cryogenic L0?, It merely Increased the 100% 0x1 dizej* vaporization 
chamber length from 2 half the shortest chamber length to 80% of the 
mk>i 4 iap lonnth tested Thus the reduced oxygen droplet heat flux reduced the 
oxidizer^ vaporization rate 1 n theoxidlzer rich streamtube In the forward end 
of the chanter but had no net effect upon the throat plane vaporization per- 
fomance. Such was not the case for the RP-1. 




IV, 6, Data Application (eont.) 


The most complicating feature of the above recommended vaporiza- 
tion procedure is that the axial stream tube mixture ratio distribution does 
not remain constant but Is a function of the axial mixing rate. The axial 
mixture ratio profile was determined by comparing the measured heat flux with 
the predesign prediction and by looking at the throat heat flux corrected for 
chamber cross sectional area. The axial mixture ratio profile was used to 
calculate the fuel rich stream tube mixture ratio (E m x (0/F)nyerall J ® nd 

the oxidizer rich stream tube [(0/F) O y«ral l/ E m3* The E m mc 

PAT-2000 Injector Is shown in Figure 46. It is recognized that few programs 
have calorimeter chamber heat flux data available for determining mixing pro- 
tiie. No analytical models are readily available which are known to accur- 
ately predict mixing profiles as a function of design variables or operating 
parameters. One might consider using available fuel film cooling entrainment 
models, gas/gas mixing model, eddy viscosity or turbulent kinetic energy 
mixing models. On severely cost limited design programs. It may be necessary 
to simply assume a linear increase starting from zero at the injector face to 
a limiting E n value (not to exceed 1.0) at the nozzle throat plane. 


Having thus predicted the fuel and oxidizer vaporization 
efficiencies at the nozzle throat plane and the throat E ro mixing parameter 
the Injector energy release performance efficiencies are calculated in the 
usual manner. 


2. Recommended Chamber Design Analysis Procedure 

An important factor which must be considered In the thermal 
design is the makeup of the gas in contact with the wall. The fuel -rich 
barrier observed in the present tests can be represented for future predic- 
tions using the film cooling model of Rousar and Ewen. This model character- 
izes mixing between the barrier and core flows In terms of an entrainment 
fraction (defined as the ratio of the mass flux added to the mixing layer to 
the core axial mass velocity). If the initial barrier mixture ratio is 
assumed to be 10 percent of the overall mixture ratio and the barrier fuel 
flow is 20 percent of the total fuel flow*, a cylindrical section entrainment 
fraction is in excellent agreement with the data presented by Rousar and Ewen. 
The renainder of Figure 41 can be used to infer an entrainment fraction pro- 
file for the convergent section as shown in Figure 47. The increased mixing 
rates associated with the interaction of the outer row of elements with the 
converging wall is readily apparent in this figure. 


♦The fuel now In the peripheral fuel orifices Is 2.5 percent of the total, 
but that part avoiding spray overlap with the oxidizer is about 19 percent of 
the total fuel flow. 
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Calorimeter Data Provided Essential Physical Insight which 
Explains LOX/HDF Combustion Anomalies 












Dimensionless Contour Distance, X/r 




IV, 6, Data Application (cant.) 


The wall mixture ratio Is defined In terms of the film cool- 
ant effectiveness n as 


MR W 


1 + n 


1 + 1.225 MR 

’TV + r.m~m 

f 



1 


The film coolant effectiveness Is given by 



with the shape factor e shown in Figuro 48 and the entrainment flow ratio 
W^W C calculated as 

< 2 *-**> 

The dimensionless contour parameter X is included in Figure 47. 


Using the mixture ratio profiles de*’ ied », <r eat fluxes 
from the injector to the throat of the calorimt mber u.. i>e predicted as 
follows: 


q/A - h, [T aw («„) - T w ] 



throat, MR 


in whicn h g Is the conventional heat transfer coefficient defined by 
Equation (I) using a uniform C« of 0.89. For steeper convergence angles a 
C Q profile with a flow acceleration dip Is recommended. The reactive bound- 
ary layer correction in the heat flux equation is evaluated at the throat 
using the overall mixture ratio. Application of a local reactive correction 
at the wall mixture ratio does not correlate the data presumably since an 
equilibrium wall enthalpy is not appropriate at low mixture ratios. 


106 


<r=~ 




ii» ' '^‘"ri ii Sr llrf r - jr ii'7n" r' r if L, r - r T~ i ' r' • ••••-- -• 



